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Highlights 
 
 Coat color is one of the most important phenotypic features in livestock breeds. 
 The comparison among GWAS and FST analysis revealed a single SNP, significantly 
associated with color sidedness. 
 The local breeds represent an important resource and model to study the genetic basis 
affecting peculiar traits. 
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ABSTRACT 
Coat color is one of the most important phenotypic features in livestock breeds. Cinisara is a local 
cattle breed generally of uniform black color which occasionally presents a particular phenotype, 
with animals typically display a white band along their spine, from the head to the tail, and on the 
ventral line (color sidedness). Therefore, this breed provides an ideal model to study the genetic 
components underlying phenotypic variation in coat color. A total of 63 animals, ten with 
sidedness phenotype and 53 with uniform black color were genotyped with Illumina Bovine 50K. 
The comparison among genome-wide association study and FST analysis revealed a single 
nucleotide polymorphism (SNP), ARS-BFGL-NGS-55928, significantly associated with the trait. 
Only one gene (PLK2) was annotated near the associated SNP in a window of ±200 kb. The 
protein encoded by this gene is a member of the polo-like kinases, the same family of several 
known coat-color candidate genes. Based on the reported results, we draw the possible 
conclusion that the identified marker is potentially associated with the coat color sidedness in 
Cinisara. The local breeds with their genetic variability represent an important resource and 
model to study the genetic basis affecting peculiar traits. Future studies would be particularly 
relevant to refine these results and to better understand the genetic basis for this phenotype. 
 
Keywords: Coat color, GWAS, FST, cattle, PLK2 gene 
 
1. Introduction 
Mammalian coat color is determined by the pigment melanin synthesized within melanosomes, 
specific organelles in the melanocytes. There are two types of melanin: the black to brown 
eumelanin and the red to yellow pheomelanin. The quantity and ratio of eumelanin to 
pheomelanin determine the color of mammalian skin, hair and eyes (Barsh, 1996). Coat color 
genetics has been the subject of a large number of studies that, in mice, led to the identification of 
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more than 300 loci affecting pigmentation (Montoliu et al., 2009). In other species, a small 
number of loci (fewer than 10) had been recognized as being responsible for coat color (Mohanty 
et al., 2008; Hayes et al., 2010). As visual characteristics of animals, pigmentation traits are used 
in breed recognition for cattle and other livestock species, and therefore they represent an 
important phenotype of interest for breeding and research (Fan et al., 2014). The three most 
common coat colors observed in cattle are solid black, brown and red (Adalsteinsson et al., 
1995). Other phenotypes are basically produced by modifications of these three main colors. 
Color sidedness is a dominantly inherited phenotype of cattle characterized by the polarization of 
pigmented sectors on the flanks, snout and ear tips (Olson, 1999). This phenotype has been 
described in several cattle breeds, such as Belgian Blue, Brown Swiss (Durkin et al., 2012) and 
African Nguni cattle (Szczerbal et al., 2017).  
A substantial proportion of todays endangered cattle breeds displays distinct color phenotypes 
(Klungland et al., 2000). Cinisara is a local cattle breed reared in Sicily; it is inscribed as „at risk‟ 
in the Food and Agricultural Organization (FAO) list of endangered breeds. The breed is included 
in the Podolic cattle group and it is well adapted to marginal, harsh, wind-swept and high-
summer temperature climates and challenging endemic disease-rich environments (Mastrangelo 
et al., 2014). The coat, generally uniform black color, can occasionally present the color 
sidedness phenotype called Agghio in the local dialect (Fig. 1). Therefore, this breed provides an 
ideal model to study the genetic components underlying phenotypic variation in coat color. In 
fact, so far, the genetic mechanism is unclear and the potential causative variants for this 
phenotype have not been identified in this local breed.  
The availability of genome-wide SNP panels has dramatically increased the power of genome-
wide association studies (GWAS) to identify new markers associated with different phenotypes in 
domestic animals (Kijas et al., 2013). In cattle, GWAS can be used to localize the genomic 
regions that contribute to natural genetic variation in any phenotypic trait (Matukumalli et al., 
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2009). Application of the SNP arrays through genome-wide approaches has also elucidated the 
markers responsible of coat color in several livestock species (Hayes et al., 2010; Kijas et al., 
2013; Mészáros et al., 2015; Kim et al., 2017; Nazari-Ghadikolaei et al., 2018). Therefore, a 
combined genome-wide approach (GWAS and  FST) has been performed, comparing the two coat 
color phenotypes within Cinisara breed, to investigate the peculiar genetic features of this breed, 
and to uncover the genomic regions that are likely responsible for color sidedness. 
 
2. Materials and methods 
2.1 Samples, genotyping and data filtering 
Blood samples were collected from cattle by trained veterinarians. All the procedures were 
approved by “Organismo Preposto al Benessere Animale” (O.P.B.A) of University of Palermo in 
agreement with the recommendations of European Union (EU) Directive 2010/63/EU to ensure 
an appropriate animal care. 
About 10 ml of blood was collected from caudal vein using tubes with EDTA as anticoagulant. A 
total of 63 unrelated animals from ten farms have been collected. In particular, ten color 
sidedness (case) (one per herd) (Figure 1) and 53 uniform black (control) (about 5 per herd) 
individuals were genotyped for 54,609 single nucleotide polymorphisms (SNPs), using the 
Illumina Bovine SNP50K v2 BeadChip. For these animals pedigree data were not available. 
SNPs were mapped using the Bos taurus UMD 3.1.1 genome assembly. Data filtering was 
performed using PLINK 1.7 (Purcell et al., 2007). The dataset was filtered to remove animals 
with more than 2% of missing genotypes, non-autosomal markers, SNPs with a call rate < 90%, 
with a minor allele frequency (MAF) < 0.01 and Hardy-Weinberg equilibrium P-value < 0.001. 
 
2.2 Statistical analysis 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
6 
 
Pairwise genetic relationships were estimated to evaluate population substructure within cases 
and controls using identity-by-state (IBS) genetic distances calculated by PLINK 1.7 (Purcell et 
al., 2007) and graphically represented by multidimensional scaling (MDS) analysis with the 
statistical software R-3.5.1 (https://cran.r-project.org/doc/FAQ/R-FAQ.html#Citing-R). The same 
software was used to visualize the IBS matrices using the Heatmap function. 
We performed the genome-wide association study (GWAS) using the univariate case/control 
model of the SNPassoc R package (Gonzalez et al., 2007). We used Bonferroni-corrected 
thresholds to determine genome-wide significant and suggestive thresholds, which were defined 
as 0.05/N and 0.10/N, respectively (N is the number of tested SNPs). After Bonferroni correction, 
significant thresholds were P<1.11E-06 for genome-wide (P<0.05) and P<2.21x10
-6
 for 
suggestive, respectively. Genomic inflation factor () and quantile-quantile (Q-Q) plot were 
obtained with GenABEL (Aulchenko et al., 2007) in order to assess potential systematic bias due 
to population structure or analytical approach. The genome-wide FST case-control analysis was 
also performed using PLINK 1.9 (Chang et al., 2015). The top 0.9999 SNPs of the percentile 
distribution were considered as the most divergent across the comparison. A Manhattan plot of 
the results was generated using R in which P- and FST values of each SNP were plotted as a 
function of its position along each autosomal chromosome within the genome. Moreover, with 
the aim to identify private copy number variants (CNVs) for sidedness animals, we used the 
results of Di Gerlando et al. (2018) which analyzed the same animals here considered to call 
CNVs in Cinisara breed. In particular, we compared the results of CNV calls between the two 
groups (ten color sidedness vs. 53 uniform black individuals), to identify CNVs carried only by 
sidedness and not by uniform black individuals. For more information on CNVs identification 
methodology, see Di Gerlando et al. (2018). 
 
3. Results 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
7 
 
After filtering for quality, the final number of retained SNPs for the analysis was 45,246. All 63 
animals had high quality genotyping and were included in the analysis. To examine the 
relationships between all individuals, MDS was performed. The obtained results showed some 
structure not well defined and noteworthy, the plot did not separate the animals on the basis of the 
different phenotypes (Figure S1). The heatmap of genetic similarity corroborated the findings 
obtained with MDS, showing the absence of substructure between individuals with different 
phenotypes that clustered independently of pigmentation (Figure S2). 
We performed the quantile-quantile (Q-Q) plot to evaluate the reliability of GWAS data. An 
average inflation factor () of 1.08 indicated that the GWAS was not inflated by population 
structure (Figure S3). In the GWAS, at the P<0.05 Bonferroni corrected ((-log10(P) = 5.95; 
Pnominal value = 1.11E-06), we identified a single strongly associated SNP, ARS-BFGL-NGS-55928 
(rs110452481) ((-log10(P) = 6.37; Pnominal value = 4.237775e-07) at the position 21,048,672 bp on 
bovine chromosome (BTA) 20. No other SNP reached the Bonferroni corrected suggestive 
significant threshold (P<0.10) ((-log10(P) = 5.65). Fig. 2a reports the Manhattan plot obtained in 
this GWAS. To further support the association, a genome-wide FST case-control analysis was also 
performed. A total of five SNPs were above the selected threshold (FST = 0.432) (Table 1): three 
on BTA1, one on BTA6 and one on BTA20. The Manhattan plot of the FST analysis is shown in 
Fig. 2b. The marker with the highest FST value (FST = 0.559) which differentiated between the 
groups overlapped with the significant SNP identified in the GWAS. This SNP showed markedly 
different genotypic frequencies between the two groups. The uniform black had higher frequency 
of GG homozygote genotype compared with color sidedness individuals, which were mostly 
heterozygous (Table 2). Only one gene (PLK2) was annotated near the identified marker.  
The comparison of CNVs data between the two groups revealed six private CNVs (five deletions 
and one duplication) on chromosomes BTA12, 13, 26 and 29 (Table S1) carried only by few 
color sidedness individuals. 
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4. Discussion 
Potentially, there is much unrecognized beneficial genetic variation in local autochthonous breeds 
and populations, which supposes important reservoirs of non-exploited resources. In this study, 
genome-wide analysis has been performed for the color sidedness phenotype in Cinisara cattle. 
Due to its phenotypic variability, this local breed provides a model for investigating the genetic 
bases of color sidedness. To the best of our knowledge, no study with combined genome-wide 
approach (GWAS and FST) has been reported for color sidedness in cattle. 
To overcome some limitation of this study, such as low number of tested animals and the use of 
low-density array, a combined analytical approach has been used (Kijas et al., 2013; Mastrangelo 
et al., 2018). The identification of candidate genomic regions by more than one methodology may 
be seen as strong evidence of the activity on a particular phenotype. This also allowed to exclude 
other regions that reached or were close to the defined thresholds derived by several factors that 
could not be better managed (i.e. genetic drift, population structure, ascertain bias of the SNP 
chip tool) (Schiavo et al., 2018). 
In this study, to gain insights into the molecular basis of color sidedness, ten cases and 53 
controls were used and several analyses were conducted. The comparison among GWAS and FST 
revealed a single strong association signal, ARS-BFGL-NGS-55928, to be potentially associated 
with the investigated phenotype in Cinisara breed. No other region in the genome exhibited a 
significant differentiation. In a GWAS case-control for pigmentation traits in Holstein, several 
SNPs associated with the phenotypes were identified (Fan et al., 2014). Li et al. (2014) conducted 
a GWAS to identify SNPs associated with white and non-white coats in Finn sheep and found 35 
SNPs related with those phenotypes. In this study, only one SNP was found associated with the 
investigated trait and GWAS results that are characterized by a single outlier marker, in the 
absence of other associated peaks, are biologically relevant (Kijas et al., 2013). Moreover, the 
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results of genomic inflation factor and Q-Q plot suggest that there is no population stratification 
in our data, although the Cinisara is a local breed with a reduced population size (Mastrangelo et 
al., 2014).  
Polo Like Kinase 2 (PLK2) was the closest gene annotated near the peak SNP (in a window of 
±200 kb) located approximately 188 Kb downstream at position 20,854,607–20,860,584 bp. 
PLK2 protein is a member of the polo-like kinase family that includes serine-threonine kinases 
and that plays a crucial role in cell cycle progression, mitotic division and cytokinesis in response 
to DNA damage and to hypoxic conditions (Archambault & Glover, 2009; Valenti et al., 2011). 
Gene Ontology (GO) annotations related to this gene include transferase activity, transferring 
phosphorus-containing groups and protein tyrosine kinase activity. Coat color in cattle is 
controlled by several genes and their corresponding alleles, such as: ASIP (agouti), TYR 
(albinism), TYRP1 (brown), KIT (color sided, dominant white), KITLG (roan), PMEL (dilution), 
MC1R (extension) and MITF (white spotting) (Brenig et al., 2013). Some of these genes belong 
to the protein kinase family, as well as the PLK2 here identified. For example the KIT gene, 
which encodes tyrosine kinase receptor, has been already described as the major determinant of 
the differences in coat color phenotypes (Fontanesi et al., 2010). Another gene, the KITLG 
(tyrosine-protein kinase ligand), encodes a tyrosine kinase receptor ligand (Hui et al., 2006). In 
cattle, the mutations at this gene are responsible for white coat color (Seitz et al., 1999). Fan et al. 
(2014), in a GWAS for pigmentation traits in Chinese Holstein population reported several novel 
candidate markers for coat color traits. Therefore, the results of the two genome-wide approaches 
together with the biological function of the gene, suggested that the PLK2 is a potential candidate 
gene in color sidedness phenotype in Cinisara cattle breed.  
Durkin et al. (2012) showed that color sidedness in cattle is determined by two CNVs that 
duplicate a small part of the BTA6 and BTA29. More precisely, the authors have shown that a 
duplication of the KIT gene located on BTA6 and its aberrant insertion on BTA29 (Cs29) resulted 
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in the white coat color phenotype „color sided‟ in Belgian Blue and other cattle breeds. Moreover, 
the authors scanned the genome of color sided animals and identified a shared haplotype which 
encompassed LUZP2 gene, not known to be involved in pigmentation. Our results on the 
identification of the private CNVs for case group, revealed a duplication of ~400 kb on BTA29 
within the LUZP2 gene. However, private CNVs are of particular interest if they are fixed or with 
high frequency in the breed or sub-group, since they could be involved in breed specific 
characteristics (Molin et al., 2014). Unfortunately, no fixed private CNVs were detected and this 
duplication presented low frequency within color sidedness individuals (Table S1). Moreover, no 
CNVs have been identified close to the candidate marker here associated with the phenotype.  
The vast majority of the coat color phenotype related studies are based on candidate gene-
approaches focusing on commercial cattle breeds. The patterns of coat color observed in modern 
cattle breeds are quite variable and it is possible to hypothesize that the variation in coat color 
patterns is determined by different genes and mutations (Edea et al., 2017). Consistent with our 
results, several studies in mammalian species, such as cat (Gandolfi et al., 2013) and dog (Cadieu 
et al., 2009), as well as in livestock species, through GWAS case/control for coat color, reported 
peaks/signals within or close to potential candidate genes. In fact, Kijas et al. (2013), in a study 
for coat pigmentation in sheep, reported only one strongly associated SNP close to MCR1 gene. 
Similar results have been also reported by Menzi et al. (2016) and by Kumar et al. (2018), which 
in studies for coat color in goat, clearly demonstrated that a single SNP controls the phenotype. 
Matukumalli et al. (2009) exploited the black/red coat color phenotype to demonstrate the utility 
of the Illumina BovineSNP50 assay for genome-wide association studies in cattle by localizing 
known variation for the phenotype. Moreover, different studies showed the power of medium 
density chip to detect association using a low number of animals (Becker et al., 2010; Gandolfi et 
al., 2013; Kijas et al., 2013; Muniz et al., 2016). Based on the reported results, together with what 
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is shown in other studies, we draw the possible conclusion that the identified marker is potentially 
associated with the coat color sidedness in Cinisara. 
Coat color is a qualitative trait and an indicator of adaptability to heat stress (Fadare et al., 2013). 
The variation in the size of pigmented sectors is a phenotype that might have an important impact 
in the future, because it is expected that animals with a higher proportion of white coat absorb 
less solar radiation and therefore they are better buffered against heat stress (Reinsch et al., 1999). 
In an intricate interactive fashion with environment, some mechanisms that maintain genetic 
diversity such as crossing-over, independent assortment and sexual reproduction, generate an 
astonishing phenotypic variation which provides the substrate for adaptive mechanisms (Qanbari 
and Simianer, 2014). Therefore, these results also showed and confirmed as the local animal 
genetic resources can be used to acquire information on genetic factors that might have potential 
impacts in the future breeding programs for other cosmopolitan breeds. 
 
5. Conclusions 
Coat color is one of the most important qualitative traits in livestock breeds. This study 
contributes to better understanding the genetic architecture of coat color in Cinisara cattle. 
Determination of the genomic regions with the potential candidate gene for this characteristic will 
help to protect these animal genetic resources. Once again, the local breeds with their genetic 
variability represent an important resource and a model to study the genetic basis affecting 
peculiar traits. Our results showed that this phenotype in Cinisara breed is associated with a 
marker close to a potential candidate gene. Therefore, this work constitutes a preliminary report 
to further genomic research on coat color sidedness. It will be important to refine and validate 
these results. The candidate gene here identified can be considered in further studies based on the 
comparison of sequence data in other breeds displaying this phenotype. Moreover, combined 
genome-wide approaches using different populations, the high-density SNP chip and an increase 
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in the number of genotyped individuals would be particularly relevant to further enhance the 
power to identify additional SNPs and genes and to better understand the genetic basis for this 
phenotype in cattle.  
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Table 1. Significant (P<0.05) SNPs obtained in the GWAS and the top 0.9999 detected in the FST 
analysis associated with color sidedness phenotype in Cinisara cattle breed. 
BTA
a
 SNP
b
 Position (bp) GWAS
c
 FST value 
1 ARS-BFGL-BAC-19439 66,252,625  0.468 
1 ARS-BFGL-NGS-100745 69,045,500  0.445 
1 BTA-105039-no-rs 116,569,378  0.454 
6 Hapmap43679-BTA-76147 48,423,262  0.434 
20 ARS-BFGL-NGS-55928 21,048,672 4.237775e-07 0.559 
a
BTA: Bos Taurus chromosome number. 
b
SNP: single nucleotide polymorphisms. 
c
GWAS: genome-wide association 
study. 
 
Table 2. Genotypic frequencies of the best associated SNP, ARS-BFGL-NGS-55928, in case and 
control groups. 
Group GG GA AA 
Case (color sidedness) 0.30 0.70 - 
Control (uniform black) 0.98 0.02 - 
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FIGURES 
 
Figure 1. Example of color sidedness Cinisara cattle. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
20 
 
 
Figure 2. a) Manhattan plot of the P-values in the genome-wide association study (GWAS). The 
horizontal lines represent the genome-wide significance (red; P<0.05) and suggestively 
significant (green; P<0.10) single nucleotide polymorphisms (SNPs). (b) Manhattan plot of the 
FST showing the top 0.9999 SNPs above the red line (FST = 0.432). 
 
 
